Abstract
27
Author Summary
28
Human Leukocyte Antigen (HLA) is known to be the most polymorphic region in the human 29 genome. Anthropologists frequently use HLA to trace migration and evolution of different populations. 30 This is due to the high linkage among HLA genes leading to the transmission of intact haplotypes from 31 parents to offspring, hence preserving key population ancestral features.
32
We developed a new HLA-based method to identify admixture models in mixed populations 33 using high-resolution HLA haplotype frequencies. Our results highlight that a single highly polymorphic 34 locus can contain enough information to map clearly human admixture and the population genetics of 35 the different human populations, and reproduces results based on SNP arrays.
36
The presented algorithm is validated using haplotype frequencies sampled from 56 worldwide 37
populations.
Under such factorization we demonstrate that 90% of the variance in these populations can 38 be explained using a much-reduced set of 8 ethnic groups. We demonstrate that the estimated ethnic 39 groups and admixture models agree with the geographical distribution, population phylogenies and 40 recent historic admixture events of the studied populations.
Introduction

42
Human Leukocyte Antigen (HLA) plays a crucial role in both the adaptive and innate immune 43 system and is proven instrumental in multiple medical disciplines, including matching for solid organ and 44 hematopoietic stem-cell transplantation (HSCT) [1] [2] [3] [4] . As generations of humans migrated throughout 45 the world, HLA has evolved with each population conserving key ancestral features [5] , and with more 46 than 15,000 defined alleles to date [6] and over 1,000,000 haplotypes [7] , it stands as the most 47 polymorphic region in the human genome.
48
The study of human admixture and population stratification addresses a growing need in 49 multiple disciplines, including large-scale disease and drug association studies [8] , [9] , planning and 50 modeling volunteer adult donor stem-cell registries [10] and personalized and consumer genetics [11] . 51
Typical population genetics algorithms interrogate Single-Nucleotide Polymorphisms (SNPs) in large 52 genomic or genome-wide regions to track concepts like population size, migration, selection, admixture, 53 recombination or genetic drift [12] [13] [14] [15] [16] [17] [18] or study the population genetics of specific ethnic groups [17, 19, 54 20] . The need for large genomic regions stems from the limited polymorphism in bi-allelic SNPs. This, 55 however, is not the case for HLA. With the evolution of HLA over millions of years, distinctive features of 56 the MHC locus became evident, such as gene density, diversity, and low recombination [21, 22] . 57
Multiple models have been proposed to explain HLA polymorphism [23, 24] non-negative matrix C would be factorized into two non-negative matrices A and B, where C is a nXm 111 matrix, representing the haplotype frequencies in n populations, each with m haplotypes. A is n r non-112 negative mixing matrix and B is r m non-negative "original" populations (OP) matrix. Each n-113 dimensional vector represents one out of m populations. In the current application, m constitutes the 56 114 studied populations and n is of the order of a million different haplotypes. The variable r is chosen to be 115 much smaller than n and m. There are currently multiple standard algorithms for NMF [43] . These algorithms approximate a 124 non-negative matrix (a matrix where all elements are non-negative) as a product of two low-rank non-125 negative matrices. The results of the approximation are affected by the loss function used and by the 126 weighting of the input columns. In the current context, we produce a haplotype frequency matrix of all 127 HLA haplotype frequencies for over 50 populations and present it as the product of eight original 128 population frequency matrix and mixing factors.
129
Phylogenetic analysis
130
We applied a Neighbor-Joining (NJ) algorithm to construct a phylogenetic tree of the studied 131 populations [45, 46] . Following the tree construction, populations were grouped by the most dominant 132 OP obtained from the NMF analysis. To validate the NMF algorithm, we investigated the similarity 133 between the tree structure and the phylogenetic grouping. (Fig. 1A) . Note that non-scaled solutions produce OPs strongly biased toward highly admixed 185 groups (Supp. Mat. Fig. S1 ) and produce a higher error rates (Fig. 1A) .
186
Each OP is assigned a name according to the principal observed populations containing it, with the 187 following main groups: European, African, Israeli, Latin American, South Asian and East Asian. When 188 more OPs are used, the result is typically the splitting of one of these groups into sub-groups (Supp. Mat. 189 Fig. S1 ). Given, the results of the admixture, we assign each observed population one main group 190 according to the main OP composing them. In the following results, the observed populations are 196 Results
197
Our results show that eight OPs are sufficient to represent the admixture in the 56 studied populations. 198 We observed that the diversity level varied widely among populations; in some groups the admixture 199 was predominantly represented by one OP as in the case of the US Japanese and Filipino populations, 200 while other populations, such as US Middle Eastern, New Zealand and Australian Aboriginal were quite 201 admixed (Fig. 1B) . These results are consistent when the admixture method and number of OPs are 202 varied (Supp. Mat. Fig. S1 ). The difference in the composition can be observed in the entropy of vector 203 -(Ordinate axis in Fig. 1C ). neutralize such an effect a partial correlation was performed (i.e. a correlation over the residual of the 209 regression on the population size), with a Spearman partial correlation of 0.4 (p<1.e-4.). Interesting 210 correlations also emerge between the entropy of the haplotype frequencies and the error, with a low 211 error for high entropy (more uniform distribution of haplotypes). Moreover, as could be expected size is 212 correlated with a lower error and a lower entropy of A, representing the bias toward the more precise 213 representation of larger populations (Supp Mat. Fig. S2 ).
214
The admixture results (Fig. 1B) are consistent with the phylogenetic analysis based on the Fst distance 215 between the HLA haplotype frequencies of the observed populations ( Fig. 2A) 
239
To compare our results to existing methods, we performed an MCMC based admixture analysis on a 240 subset of genome-wide ancestry informative marker SNPs in the 1000 genome (1KG) populations (Fig. 241  3A) and compared the result to a subset of geographically similar populations in our study where 242 admixture was estimated using the NMF-based analysis and HLA haplotype frequencies. As seen in Fig.  243 3A, significant similarities can be seen between the NMF-based (top) and MCMC estimated admixtures 244 (bottom), especially in Chinese, Japanese, African and European populations. We observed more splits 245 in the Latin-American 1KG populations (MXL, PUR, CLM) in the MCMC admixture. This could be the 246 result of over representation of these samples in the 1KG project compared with the registry samples. 247
Note that the registry data does not contain a specific Iberian Spanish population, and the European 248 admixture in registry Latin American populations is usually less than Iberian populations because of the 249 Amerindian influence.
250
One application of the presented methods is the detection of the composition of untested groups to 251 understand their sub-structure. To estimate the composition of unknown populations, we performed an 252 admixture analysis using the estimated OPs to compute admixture in groups from the Canadian 253 OneMatch registry, without the limit that the entire composition should be explained by a combination 254 of the OPs:
HLA haplotype frequencies from the Canadian registry were estimated at a four-locus resolution. To 257 estimate the admixture of the Canadian populations, we dropped the resolution of the OPs haplotype 258 frequency distribution to four-locus by summing over all five-locus haplotypes that differ only in HLA-259 DQB1. We then computed the admixture of the new observed populations using Eq. (5).
260
For most Canadian populations, the estimated admixture via OPs agreed with self-reported race and 261 ethnicities and with similar groups from other registries in the US, Australia and Europe ( Figure 3B ). The 262 similarity between the US and Canadian admixtures is clearly demonstrated in the admixture estimation 263 of the Canadian Asian, African, European, Latin American, Korean, and Middle Eastern populations. 264
However, some populations, such as Aboriginal and Filipino Canadians show a slightly different 265 composition. For example, the Canadian Aboriginal population is composed not only of the Australian 266
Aboriginal population components, but also has fragments from African and Hispanic populations. This 267 could be attributed to different patterns of population migration and historical events.
Discussion
269
We present an algorithm that dissects population genetic admixture, based on HLA haplotype 270 frequencies, into OP components in the presence of background LD and high polymorphism. While 271 traditional admixture and lineage models typically rely on many biallelic genome-wide loci, we 272 demonstrate that HLA is polymorphic enough to allow for a clear delineation of population composition 273 using a single genomic region. The admixture problem, shown equivalent to a Non-engative Matrix 274
Factorization analysis, is more computationally efficient than traditional admixture models and allows 275 for the admixture of a large number of populations with an extensive number of haplotypes (in the 276 order of a million haplotypes). To our knowledge, this is the first algorithm to dissect population 277 admixture with specific focus on HLA and a validation framework using a dataset with the presented 278 magnitude.
279
We developed and applied our method to the haplotype frequencies of 56 populations from different 280 adult volunteer stem-cell registries representing over 3.5 million donors. We showed that the resulting 281 admixture is consistent with the known ethnic composition, recent history and SNP based admixture. 
